Azotobacter vinelandii OP which had been naturally induced to competence by growth in ironand molybdenum-limited medium was transformed with the broad-host-range cloning vector pKT210. However, the transformation frequency at nearly saturating levels of DNA was 1000-fold lower for pKT210 than for a single chromosomal DNA marker (nif+). Plasmid-and chromosomal-DN A-mediated transformation events were competitive, magnesium-dependent, 42 "C-sensitive processes specific to double-stranded DNA, suggesting a common mechanism of DNA binding and uptake. The low frequency of plasmid transformation was not related to restriction of transforming DNA or to the growth period allowed for phenotypic expression. Covalently-closed-circular and open-circular forms of pKT2 10 transformed cells equally well whereas EcoRI-or HindIII-linearized pKT210 transformed cells with two to three times greater efficiency. Genetic transformation was enhanced 10-to 50-fold when pKT210 contained an insert fragment of A . vinelandii nif DNA, indicating that A. vinelandii possessed a homologyfacilitated transformation system. However, all transformants failed to maintain the plasmidencoded antibiotic resistance determinants, and extrachromosomal plasmid DNA was not recovered from these cells. Flush-ended pKT210 was not active in transformation; however, competent cells were transformed to Nif+ by HincII-digested plasmid DNA containing the cloned A. vinelandii nif-I0 marker.
INTRODUCTION
The initial studies of plasmid DNA transformation of Azotobacter vinelandii, conducted by David et al. (1981) , revealed that cells made artificially competent by a modification of the CaC1,-dependent treatment of Cohen et al. (1972) were transformed by plasmid DNA at frequencies one to three orders of magnitude lower than those observed using chromosomal markers to transform A. vinelandii which had been naturally grown to competence (Page, 1985; Page & von Tigerstrom, 1979) . The inherent limitations of plasmid transfer from Escherichia coli to A. vinelandii via conjugation (David et al., 1981 ; Kennedy & Robson, 1983) may mean that transformation of naturally competent A. vinelandii is the method of choice for the introduction of plasmids into this organism.
A. vinelandii OP (capsule-) derivative strains UW, UWl and UWlO are genetically transformed at high frequencies with single chromosomal markers ( 10-3-10-2 transformants per viable cell) when competent cells are prepared naturally, by growth in iron-deficient medium under conditions of oxygen limitation (Page, 1982 (Page, , 1985 Page & von Tigerstrom, 1979) ; this frequency corresponds to 1 04-I O5 transformants per pg DNA. Considering the high background of homologous 'non-marker' DNA present in preparations of chromosomal DNA, and the ability of this DNA to compete with and inhibit transformation by 'marker' DNA (Doran & Page, 1983) , it might be expected that nearly all cells in the population attain a competent state.
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This hypothesis predicts that genetic transformation mediated by a single purified DNA species such as a plasmid would be expected to generate lo6-lo8 transformants per pg DNA. The work of Glick et ul. (1985) apparently confirmed this supposition by showing that 44% of cells in a naturally competent population of the encapsulated and poorly transformable (Page, 1985) A. vinelundii strain 12837 were transformed by the broad-host-range plasmid pRK2501, although the efficiency of transformation was only 1.5 x lo5 transformants per pg DNA. Since studies of A. vinelundii physiology, genetics and ultrastructure have most often involved the capsuledeficient strainOP (UW)(e.g. Bingleeful., 1984; Bishopetul., 1985; Brigle etal., 1985; Kennedy & Robson, 1983; Page & von Tigerstrom, 1982; Reusch & Sadoff, 1983) , it is important to investigate the nature of plasmid transformation of strain OP (UW) in order to facilitate the development of techniques for the genetic manipulation of this strain.
It has been shown that recombinant plasmids derived from the IncQ plasmid RSFlOlO are useful for gene cloning in A. vinelundii OP and are stably maintained when introduced via conjugation (Kennedy & Robson, 1983) or artificial transformation (David et al., 1981) . We have used pKT210 (a derivative of RSF1010) and the cloned A. vinelundii nif-10 marker to further characterize the process of natural genetic transformation in A. vinelundii OP, and have investigated some ultrastructural features which are strongly correlated with competence for transformation by chromosomal and plasmid DNA. [Some of the results of this study were presented at the 87th Annual Meeting of the American Society for Microbiology, Atlanta, Ga., 6-12 March 1987 (Abstracts of the Annual Meeting of the American Society of Microbiology 1987, H192, p. 171 ).]
METHODS
Strains andgrowth conditions. The capsule-transformation recipient strains, UW (Nif+; Bishop & Brill, 1977) , UW1 (nifA ; Kennedy & Robson, 1983) and UWlO ( n i p ; Bishop et at., 1985) , were all derivatives of A. uinelundii OP. These strains, and the source of rifampicin-resistance (RIP) chromosomal DNA marker, A. vinelandii ATCC 12837 strain 113 (Nif+), were routinely grown on Burk medium (Page & Sadoff, 1976) containing, if necessary, 1.1 g ammonium acetate I-'. E. coli strains SK1592, HBlOl and DHl (Bolivar & Backman, 1979; Hanahan, 1-983) , which served as hosts to plasmid DNA (Table l) , were grown in L-medium [I% (w/v) bactotryptone (Difco), 0.5% yeast extract (Difco), 0.5% NaCI, 1 % glucose]. A. vinelundii strains were incubated in liquid culture at 30 "C and 170 r.p.m. unless otherwise indicated. Liquid cultures of E. coli strains were grown at 37 "C and 300 r.p.m. DNA preparation. Crude lysate preparations of chromosomal DNA of A. vinelandii strains U W and 1 13 were obtained as previously described (Page & Sadoff, 1976) . Plasmids were isolated from E. coli SK1592, HBlOl or DH1 by standard methods (Maniatis et al., 1982) . Chromosomal DNA concentration was determined by the diphenylamine assay (Hanson & Phillips, 1981) and plasmid DNA concentration by absorbance at 260 nm. Agarose (0.75%) gel electrophoresis in a 20 mM-Tris/0.2 ~M-EDTAISO mM-sodium acetate, pH 7.8, buffer system and DNA visualization by ethidium bromide staining and UV (300 nm) illumination were used to confirm that plasmid DNA preparations used in transformation experiments contained almost no visible contaminating RNA or chromosomal DNA and were predominantly composed of the covalently-closed-circular (CCC) form of the plasmid. Small amounts of open-circular (OC) plasmid DNA were typically present in the preparations.
Small-scale preparations of plasmid DNA from A. vinelandii were conducted by standard methods (Maniatis et al., 1982) , using cells concentrated 10-fold from 5 mi of culture; however, it was necessary to develop the following simple and effective procedure for recovering high yields of purified plasmid DNA from A. vinelandii. Plasmid DNA was prepared from liquid cultures of A. vinelandii UW grown in medium containing 9.2 mM-K,HPOJ, 3.2 ~M -K H~P O , , 2 m~-MgCl,, 10 ~M -K~S O , , 0.5 mM-CaCl,, 100 ~M -F~S O , , 30 mwammonium acetate and 2% glucose (the CaC1, and FeSO, were added after autoclaving and just prior to inoculation). For the production of large numbers of cells, cultures were grown with vigorous aeration (350-400 r.p.m.) to an optical density at 620 nm of 6. The cells were harvested by centrifugation (1 1 OOO g, 10 min, 4 "C), washed with 0.04 vols 10 mM-Tris/HCl, 10 mM-EDTA, pH 8.0, and finally resuspended in 0.04 times the original volume of cold 100 m~-Tris/62.5 mM-EDTA;pH 8-0. Lysozyme was added to a final concentration of 500 pg ml-l and the suspension was incubated for 10 min on ice. SDS was added to a final concentration of 2%, and the suspension was mixed immediately by gentle inversion and incubated at room temperature for 20-30 min. A cleared lysate was prepared by centrifugation at 50000 g for 30 min at 15 "C using a Beckman 42.1 rotor in a Beckman model L-8M ultracentrifuge. The nonviscous supernatant was extracted with 1 vol. each of phenol, phenol/chloroform (1 : 1. v/v) and chloroform and the resulting pink supernatant was made 0.3 M with sodium acetate. The DNA was precipitated by the addition of 2. of strain UWlO (Bishop & Brill, 1977; Bishop et al., 1985) .
vols 95% (v/v) ethanol, collected by centrifugation (4000g, 30 min, 4 "C) and dried under vacuum until the pellet appeared slightly moist. The pellet was resuspended in TE buffer (10 mM-Tris/HCl, 1 mM-EDTA, pH 8.0) with CsCl(1.1 g m1-I) and ethidium bromide (250 pg ml-I). The gradients were centrifuged in a Beckman 50 Ti rotor (lOOOOOg, 40 h, 20 "C) and the plasmid DNA band was recovered and purified by another round of CsCl/ethidium bromide density gradient centrifugation (Maniatis et al., 1982) . This protocol typically yielded 0.5-1 mg pKT210 DNA from 2 1 A. oinelandii UW culture. Transformation. Competent A. uinelundii UW, UWI or UWlO cells were prepared and transformed as previously described (Doran & Page, 1983; Page, 1985) with the modifications that the transformation assay buffer included ammonium acetate (1.1 g I -I ) and 1 % glucose when cells were transformed to antibiotic resistance and MoOf-was excluded from all transformation assays. Nif+ transformants were selected by plating cells on nitrogen-free Burk medium. Cells transformed to antibiotic resistance were plated directly on selective medium or were incubated for 3 h in liquid culture under non-selective conditions prior to plating. In the latter case, 100 pl iron-limited Burk medium, 50 ~1 5 % yeast extract and 2.5 pl20 mM-FeSO, were added to the transformation assay (350 p1 total volume) prior to incubation. All transformation experiments were done at least twice and the mean transformation frequencies, expressed as the number of transformants per viable cell, are reported.
E. coli HBlOl cells were made competent and transformed with plasmid DNA as described by Morrison (1979) . CompetCompetent E. coli DH 1 cells were prepared and transformed according to the method of Hanahan (1983) .
Electron microscopy. Freeze-etch replicas of cells were prepared as described previously (Bingle et ul., 1984). Ultrathin sections of plasmolysed cells were prepared by a modification of the method of Bayer & Thurow (1977) . All specimens were examined in a Philips 300 electron microscope operated at an accelerating voltage of 80 kV.
RESULTS A N D DISCUSSION
Transformation of A . vinelandii with pKT2lO pKT2 10, a plasmid cloning vector developed from the broad-host-range plasmid RSF 10 I0 (Bagdasarian et al., 1981; Fig. l) , was chosen for this study since plasmids of the IncQ group have been found to replicate in A. vinelandii strain UW (David e f af., 1981). Additionally, expression of the chloramphenicol resistance marker of pKT2 10 was conveniently selected for by differences in the growth rates of transformed and non-transformed cells without a period of growth under nonselective conditions, a feature arising from the relatively high level of inherent chloramphenicol resistance of A . vinelandii OP and related strains (Thompson & Skerman, 1979) . Detection of chloramphenicol-resistant (Cmr) pKT2 10 transformants was optimal when Burk medium contained 0.5% yeast extract, as the source of fixed nitrogen (David et al., 1981) , and 20 pg chloramphenicol ml-l. Transformation assays done with 10 pg pKT210 DNA and approximately 1 x lo7 cells from a competent population of A. vinelandii UWlO routinely yielded 0-5-1 x Cmr or streptomycin-resistant (Smr) transformants per viable cell. All Cmr transformants were viable on Burk medium containing 0.2 pg streptomycin ml-l (twice the concentration required to completely inhibit the growth of nontransformed cells) and vice versa. Plasmid DNA prepared from representative transformants comigrated on agarose gels with pKT210 purified from E. coli (data not shown). (Collins, 1979; Hohn, 1979) . A 1.41 bp EcoRI A. uinelundii DNA fragment present in pAvH1-1 was determined by hybridization to pSa30 to contain homology to K. pneumoniue nifHDK (cross-hatched area) and was subcloned into pUC8 for detailed restriction mapping and nucleotide sequence analysis (see Fig. 3 ). This fragment was also subcloned into the broad-host range vector pKT210 to form the plasmid pAvD-10 for use in plasmid transformation studies. Restriction enzyme sites are abbreviated as: Bg, BglII; B, BumHI; E, EcoRI; H, HindIII; Hc, HincII; Hp, HpuI; P, PuuII. Other abbreviations are explained in the legend to Table 1. The transformation frequency of U W 10 by pKT2 10 represented approximately one transformant per lo9 plasmid molecules and was about 1000-fold lower than the average Nif+ transformation frequency obtained when UW 10 was transformed with 10 pg crude lysate UW chromosomal DNA (4-7 x transformants per viable cell), a heterogeneous mixture of homologous chromosomal DNA markers. pKT2 10 was similarly inefficient in transforming competent strains U W or U W 1 prepared naturally by growth in iron-and molybdenum-limited medium (data not shown).
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The lack of an initial growth period under nonselective conditions was not responsible for the poor levels of pKT2 10-mediated transformation. The Cmr or Smr transformation frequency obtained after 3 h growth of newly-transformed cells in Burk medium (6.8 x was equivalent to that obtained when cells were plated directly on selective medium (6.5 x However, when the concentration of antibiotics in the selective medium was doubled (40 pg chloramphenicol ml-1 or 0.4 pg streptomycin ml-I ), a 3 h incubation period under nonselective conditions was required to avoid a twofold reduction in transformation frequency to 3.5 x Consistent with these results, pKT210 was found to be maintained in strain UWlO in the absence of antibiotic selection pressure for at least six generations, since such cultures contained comparable numbers of Cmr (5.5 x lo7) and Smr (5.9 x 10') and total viable (5-1 x 10') cells ml-I.
The low transformation frequency was not attributable to restriction of pKT210 prepared from E. coli since 10 pg pKT210 purified from A. vinelandii UW or E. coli SK 1592 transformed about 1 x lo7 cells from a common population of competent A. vinefandii UW 10 at frequencies of 6.2 x and 6-1 x respectively. 
Transformation frequency is expressed as the number of transformants per viable cell.
Transformation with pKT2 10 was measured using nearly saturating concentrations of plasmid D N A (Fig. 2) . In a transformation assay with 1 x lo7 cells of strain UW10, a tenfold increase in pKT210 D N A from 10 ng to 100 ng resulted in a tenfold increase in transformation frequency (Fig. 2) . However, at levels of pKT210 D N A greater than 100 ng, the number of transformants per pg D N A decreased rapidly and 10 pg pKT210 approached saturating levels of DNA. Although the frequencies of transformation observed with pKT210 were consistently 1000-fold lower than those observed with an equivalent amount of homologous chromosomal DNA, the levels of D N A at which saturation became evident were approximately the same (Fig. 2) . Therefore, both pKT210 D N A and homologous chromosomal D N A were capable of saturation of an early stage in transformation although pKT210 D N A apparently participated very inefficiently at some later stage(s) in the process.
Since the topology of plasmid D N A has been observed to affect transforming activity in other naturally competent bacteria, including Streptococcus pneumoniae (Saunders & Guild, 198 (Gromkova & Goodgal, 1981 ; Kahn et al., 1983) , it was of interest to determine whether the activity of pKT210 in A. rinelandii transformation was independent of its steric conformation. As indicated in Table 2 , the CCC and OC forms of pKT2 10 transformed cells of strain UW 10 equally well. However, linear duplex plasmid D N A which had been generated by digestion with EcoRI or HindIII to produce cohesive termini transformed cells to Cmr and Smr with two-to threefold greater efficiency than circular plasmid D N A (Table 2) . Similar results were obtained in experiments using strain UW 1 (data not shown). Plasmid D N A isolated from cells transformed with HindIII-or EcoRI-linearized pKT2 10 comigrated on agarose gels with pKT210 D N A purified from E. coli (data not shown). Oligomeric plasmid molecules were never isolated from transformed cells. These data suggest that an efficient mechanism for recircularization or ligation exists in A . cinelandii. Plasmid D N A recovered from cells transformed with linear plasmids was digested with the restriction enzyme used to linearize the original transforming D N A molecule ; therefore the recircularization process did not involve deletion of the 5' or 3' terminal sequences. It was possible that perfect recircularization of the linear transforming DNA was solely facilitated by the single-stranded, self-annealing termini generated by EcoRI or HindIII digestion. To determine whether this was true, the single-stranded ends of HindIII-digested pKT210 were made double-stranded using the Klenow fragment of DNA polymerase I and unlabelled deoxynucleoside triphosphates (Maniatis et al., 1982) . The linear, flush-ended form of pKT210 failed to generate any Cmr or Smr transformants from a competent population of strain UW1 (CCC pKT210 Smr transformation frequency 4 x Therefore, the transformation frequency obtained using a preparation of predominantly CCC pKT2 10 may have been slightly reduced due to competition by nontransforming randomly sheared plasmid DNA; however, this would not account for the difference in transformation efficiency between circular and HindIII-or EcoRI-linearized plasmid DNA since each of these preparations was approximately equivalently contaminated (on a per pg basis) by linear DNA that did not possess cohesive ends.
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Homology-jacilitated plasmid transjormation The low frequency of pKT210 transformation may have been due to the heterologous nature of this plasmid since transformation mediated by chromosomal DNA markers was found to discriminate against heterologous DNA (Doran & Page, 1983) . In order to determine whether the phenomenon of homology-facilitated transformation was responsible for the discrimination against transformation by pKT210, a derivative of pKT210 containing an insert fragment of wild-type nifDNA from strain UW was obtained. By virtue of hybridization (Gergens et al., 1979) to the K . pneumoniae nijHDK insert of pSa30, a clone containing A. vinelandii nifDNA was selected from a library of A. vinelandii U W DNA formed in the cosmid pSa747 (Fig. 1) . Physical mapping (Fig. 1) and Southern (1979) hybridization analysis (not shown) of this recombinant, designated pAvH 1, identified a 1-4 kbp hybridizing EcoRI fragment. This fragment was subcloned into pUC8, to form the plasmid designated pAvH1-1 (Fig. l) , for the determination of a detailed restriction map (Fig. 3) . Subclones prepared in M13 mp8 and M13 mp9 (Fig. 3) permitted DNA sequence analysis by the dideoxy primer extension method (Sanger et al., 1977) . The 1.41 kbp EcoRI fragment was found to encode a region of the A. vinelandii nifHDK gene cluster previously sequenced by Brigle et al. (1985) (therefore the data are not shown). A single difference between the DNA sequence obtained and that reported by Brigle et al. (1985) was that the nucleotide at position 7 of the nifD gene was determined to possess a guanine rather than a cytosine residue, a difference which was reflected in the presence of an MspI site at this position (Fig. 3) . By virtue of this difference our sequence indicated that the third amino acid encoded by the nifD gene was a glycine residue, a prediction consistent with the protein sequence of the a-subunit of A. vinelandii nitrogenase reported by Lundell & Howard (1981) . (1986) had discovered that plasmids containing A . vinelandii DNA were not maintained as independently replicating elements in A . uinelandii but rather integrated into the chromosome, it was not considered important to have cloned the complete niJHDK operon in order to allow complementation of nif'fO mutation in trans. The 1-41 kbp EcoRI fragment containing the wild-type nifllO locus was cloned into the EcoRI site of pKT210 to produce a plasmid, designated pAvD-10, which was suitable for use in these transformation studies (Fig. 1) .
Over a range of plasmid DNA concentrations from I ng to 10 pg per 10; cells, the n$Z0 marker of pAvD-10 (13.2 kbp) consistently demonstrated 10-100 times greater activity in the transformation of strain UW 10 than did the Cmr or Smr markers of pKT210 (1 1.8 kbp) (Fig. 2) .
Since no vector sequences were deleted from pKT210 during the construction of pAvD-10, this effect can be attributed to the presence of the homologous chromosomal DNA insert. No Nif+ pAvD-lO-transformed UWlO were Cmr or Smr and no plasmid DNA was recovered from pAvD-10-transformed cells. Moreover, no C'm' Nif -of Smr Nif-transformants were detected by direct selection on media containing antibiotic and a source of fixed nitrogen. Therefore, the presence of a homologous DNA insert did not facilitate the transformation by plasmids per se. As illustrated by the curves in Fig. 2 , transformation mediated by either pAvD-10 or pKT210 became saturated at levels of DNA greater than 1 pg per 10' cells. This implied that the greater frequency of transformation by pAvD-10 was the result of enhanced uptake or survival of the plasmid-encoded niflZO marker. Since selection of the nifZ0 marker involves a selection for recombination the data do not distinguish between these two possibilities.
Notably, pAvD-10 transformed cells 10-to 100-fold less effectively than homologous chromosomal DNA prepared from strain IJ W (Fig. 2) . Therefore, the absence of homologous DNA sequences in pKT210 only partially accounted for the poor levels of transformation by this plasmid. Interestingly, HindIII linearization of pAvD-10 increased the Nif+ pAvD-10 transformation frequency of strain U W 10 (1-2 x twofold (2-4 x thereby demonstrating that this linearization o f plasmid DNA promoted transformation regardless of whether the transforming DNA became integrated into the chromosome or was maintained as anextrachromosomal element. Cells cif\train U W 10 which were competent for transformation to Nif+ by chromosomal D N A (2 x 10 ' ) were transformed to Nif+ by pAvH1-1 digested with NincII (which cut only once within thc plasmid: Fig. I ) at a frequency of 7.1 x which was approximately half the Nif' trailsformation frequency obtained using HindIII-digested
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pAvH1-1 (1.2 x insert was not excluded from uptake into competent cells.
Therefore, flush-ended plasmid DNA containing a homologous DNA Requirements for plasmid transformation Since the results presented above suggested that plasmid and chromosomal transformation may occur by the same mechanism, it was of interest to determine whether the physiological state of competence for plasmid transformation was the same as that for homologous chromosomal DNA transformation.
Similar to the development of competence for transformation by chromosomal DNA, the induction of competence in A . vinalandii strains UW, UW1 or UWlO for transformation by pKT210 required a period of growth under oxygen-and iron-limited conditions (Page, 1982 (Page, , 1985 Page & von Tigerstrom, 1978) , since no Cmr or Smr transformants of strain UW 10 grown under conditions of iron-limitation and high aeration, or in iron-containing Burk medium, were detected.
The process of genetic transformation of A . vinelundii by chromosomal DNA was shown by Doran & Page (1983) to be a 42 "C-sensitive, Mg?+-dependent event specific for duplex DNA. In that study, several probing experiments suggested that the loss of competence that occurred on heating cells at 42 "C was either the result of a loss of the ability of cells to transport the transforming chromosomal D N A across the cell envelope or was the result of a failure of donor DNA to bind to the correct cell surface receptor. Similarly, no CmrSmr or Nif+ UW1 transformants were produced when competent UWl cells were treated at 42 "C for 30 min before exposure to 10 pg pKT210, pAvH1-1 or UW chromosomal DNA, although unheated cells were transformed at typical frequencies. Also, no Cmr or Smr transformants of unheated competent strain UWl were detected when the cells had been washed once in iron-and molybdenum-limited Burk medium lacking magnesium and then exposed to 10 pg pKT210 DNA in transformation assay buffer lacking magnesium. [Mg2+ has been shown to be required for DNAase-resistant DNA binding to competent strain UW1 (Doran & Page, 1983) .] Moreover, single-stranded plasmid DNA was not active in transformation since heat-denatured (1 00 "C, 6 min), HindIII-linearized pKT2 10 failed to generate any Cmr or Smr transformants of competent strain UW 1 (Table 2) .
These results suggested that transformation by plasmid DNA shared the same mechanism of DNA binding and uptake as transformation by chromosomal DNA. If this were true, then exposure of competent cells to plasmid DNA should inhibit transformation by chromosomal DNA since transformation was a saturable process (Fig. 2) . In order to measure the ability of plasmid DNA to inhibit transformation by chromosomal DNA of strain 113, 1.1 x lo7 cells from a competent population of strain UWl (Rif' transformation frequency 9.5 x were exposed to 5 pg pKT210, pAvD-10 or UW chromosomal DNA for 20 min at 30 "C prior to exposure to 5 pg strain 113 DNA (Nif+Rifr). Exposure of cells to pKT210, pAvD-10 and UW DNA reduced transformation to Rifr by 66% (3.2 x 72% (2.7 x and 83% (1 -6 x respectively. Previous studies using chromosomal DNA have demonstrated a similar rough correlation between the ability of a DNA species to inhibit transformation by a second DNA species and the biological activity of the first DNA species in genetic transformation (Doran & Page, 1983) . However, it is important to note that the competitive abilities of the DNA species used in this study were almost equivalent by comparison to their very disparate transforming activities; therefore, at least one of the steps in transformation at which these DNA species were competing did not discriminate against heterologous plasmid DNA as much as some later step. Previous work had shown that exposure of 42 "C-treated cells to excess homologous DNA prevented further transformation of the cells following a period of incubation at 30 "C which otherwise would have resulted in a recovery of competence, thereby indicating that competition between transforming DNA species probably occurred at the stage of DNA binding in the cell envelope (Doran & Page. 1983) . Therefore, there appeared to be common events in the process of binding and uptake of plasmid and chromosomal DNA and at least one of these events was biased in favour of homologous DNA sequences. 
Plasmid transformation of Azotobacter 2067
Competence-specific ultrastructural features of' A . vinelandii Competent cells of H. injluenzae possess anatomical features referred to as ' transformasomes' ; these are membranous extensions from the cell surface, clearly visible by analysis of thin sections, on which the components of the homology-facilitated (Danner et al., 1980) , heatsensitive (Deich & Hoyer, 1982 ) DNA binding and uptake system are localized Kahn et al., 1982 Kahn et al., , 1983 Pifer & Smith, 1985) . Homology-facilitated transformation of A . vinelandii does not appear to involve analogous structures because examination of ultrathin sections of competent A . vinelandii has not revealed any similar features or any other competence-specific features (data not shown).
Freeze-etch electron microscopy, however, has revealed a competence-specific feature related to the cell envelope. Approximately 25% of the cells in a competent population of strain U W 1 (Nif+ transformation frequency 1-6 x lo-?) which exhibited cleavage planes through the inner membrane were often interrupted by three to nine 'patches' of outer membrane material on which the outer membrane fracture face was exposed (Fig. 4a ). An accurate number of 'patches' per cell could not be estimated, as often a fracture plane which had switched to the hydrophobic region of the outer membrane failed to return immediately torthe inner membrane fracture plane, possibly preventing more 'patches' from being revealed. These 'patches' were apparent in U W 1 after 13 h incubation in iron-limited, competence-induction medium just prior to the appearance of competence (data not shown; Page & von Tigerstrom, 1978) and they continued to be present in cells following 36 h incubation in competence induction medium although competence had declined (Nif+ transformation frequency 1-3 x
The basis for this decline is not understood; however it may be related to the effects of prolonged O?-starvation (Page, 1982) rather than a loss of competence-related function.
Cells from a competent population of strain U W l which had apparently lost the ability to transport or appropriately bind transforming DNA following treatment at 42 "C (Doran & Page, 1983) did not possess these 'patches' demonstrable by freeze-etch techniques. Significantly, these structures were visualized on cells from the 42 "C-treated population following incubation at 30 "C and competence redevelopment (Nif + transformation frequency 1.5 x ; data not shown). Moreover, freeze-etch preparations of non-competent strain U W 1 prepared by growth in iron-sufficient Burk medium or in iron-limited Burk medium containing glutamate as the sole source of nitrogen (Page & von Tigerstrom, 1978) or in iron-limited medium under conditions of high aeration (Page, 1982) did not possess these 'patches' (data not shown). Therefore, these 'patches' were considered to be indicative of competence-specific alterations in the cell envelope which were very tentatively correlated with the ability of cells to take up transforming DNA.
Anatomical features similar to these 'patches' have been observed in E. coli and were considered to represent either sites of adhesion between the inner and outer membranes (Bayer & Lieve, 1977) or discrete regions of phospholipid coalescence (Ferris & Beveridge, 1986) . Since membrane adhesion sites have been implicated as the sites at which several bacteriophage inject DNA into E. coli (Bayer, 1979) and have also been observed adjacent to the transformasomes of competent H . injluenzae (Kahn et al., 1982) this possibility was considered worthy of investigation. Ultrathin sections of cells were obtained from populations of competent and 42 OC-treated formerly-competent A . vinelandii revealed an average of 1-5 adhesion sites in the plane of thin sections of randomly oriented, completely plasmolysed cells (see Fig. 46 ). Given that the average thickness of these silver-grey sections was approximately 60-80 nm (Peachy, 1958) and that the cells had an average diameter of 1.5 pm, a minimal estimate of adhesion sites per cell was 30-40. This estimate was considered minimal because of the apparently fragile nature of these structures (Bayer, 1979) . Importantly, there was not a significant reduction ( P = 0.05) in the number of adhesion sites following the 42°C treatment of competent cells. Therefore, at least the vast majority of adhesion sites viewed in thin-section were not as heat labile as the less numerous 'patches' observed by freeze-etch techniques. This result seriously weakens any simple correlation between these two anatomical features.
Ferris & Beveridge (1986) correlated the presence of 'patches' of this kind, observed in freeze- etched preparations of E. coli, with Ca'+-deficiency of the cell envelope. To investigate this possibility in A. vinelandii, freeze-etch preparations of non-competent cells prepared by growth in calcium-limited Burk medium (Page & Doran, 1981) were examined. Although these samples readily demonstrated the 'patches', so did cells from the same population following calciummediated competence recovery (data not shown), therefore no correlation between calcium deficiency and these ultrastructural features was established. Calcium deficiency is, however, known to disorganize the regular surface layer of A. vinelandii and result in a loss of transformation competence without substantial perturbation of the outer membrane (Doran et Plasm id transjorma t ion of' A zo to bac ter 2069 af., 1987; Page & Doran, 1981) . Examination of the phospholipid content of competent and noncompetent A. vinelandii strain UW 1 revealed no differences (Reusch & Sadoff, 1983) and the fatty acid contents of the inner and outer membranes of competent and noncompetent strain U W 1 were not particularly dissimilar (Doran, 1983) . Therefore, the type of dramatic alterations in the membrane lipid composition that might be expected if these ultrastructural features were the result of changes which might, somehow, cause a coalescence of membrane phospholipids (Ferris & Beveridge, 1986) was not evident. Therefore, the nature of these 'patches' remains unknown. Obviously, the treatment of cells at 42 "C is too crude a variable with which to establish a relationship between these ultrastructural observations and the physiological consequences of competence development or loss. Efforts to identify structural components of the DNA uptake system of competent A. vinelandii, including the identification of competence-specific membrane proteins (Doran, 1983 ; Page & von Tigerstrom, 1982) , surface-iodination of competent cells to identify DNA-binding proteins (W. H. Bingle & W. J. Page, unpublished results) and pulse-chase experiments to identify specific membrane protein synthesis during competence recovery after 42°C treatment (Doran, 1983) , have all failed to provide a competence-specific membrane protein 'marker' which could be used for further investigations to delineate the molecular architecture of the system responsible for DNA uptake.
Conclusions
The use of the naturally competent A. oinelandii OP does not provide a significant improvement over the use of artificially generated competent strain OP (David et al., 1981) for transformation by the broad-host-range plasmid pKT210. Given that strain OP is transformed at high frequency with a single chromosomal marker in a preparation of total chromosomal DNA (this study; Page, 1985) it was expected that plasmid transformation frequencies would approach loo%, similar to the results reported for A. vinelandii 12837 (Glick et al., 1985) . However, the frequency of pKT210 transformation was two to three orders of magnitude lower than that observed for an unpurified, homologous, chromosomal marker. The efficiency of transformation calculated for pKT210 transformation of strain U W 10 was approximately lo4-fold lower than that reported for transformation of strain 12837 by RSF1010, the parental plasmid of pKT210 (Glick et al., 1985) . The tendency of competent UW 10 to begin to become saturated with pKT210 transforming DNA at levels greater than 100 ng per lo7 cells also differs from the results obtained with lo7 cells of the encapsulated strain 12837, which did not become saturated at levels of 51 pg of transforming plasmid (pRK2501) DNA (Glick et al., 1985) . Therefore, the dissimilarity in the plasmid transformation frequencies of strain OP and strain 12837 apparently represented a significant difference between these recipient strains. However, we have had difficulty generating chromosomal (Page, 1985) or plasmid transformants of the encapsulated strain 12837 or strain 0, the capsule+ parental strain of strain OP (unpublished results), using the protocols which generate high levels of transformation competence in strain OP (Page, 1985) . Therefore some significant difference(s) between the methods of competence development of Glick et al. (1985) and Page (1985) is assumed to exist.
The frequency of pKT210 transformation of strain OP was two orders of magnitude lower than the observed plasmid transformation frequency of naturally competent H. injluenzae (Stuy & Walter, 1986 ), B. subtilis (Contente & Dubnau, 1979) or S. sanguis (Behnke, 1981) , indicating that naturally competent A. vinelandii discriminated against heterologous plasmid DNA transformation more than these other bacteria. As was found with H. injluenzae, competent A . vinelandii appeared to possess more than one mechanism for the discrimination against transformation by heterologous plasmid DNA. This discrimination against transformation by pKT210 was found to be based partially on the fact that strain OP possesses a homology-facilitated transformation system. The phenomenon of homology-facilitated transformation has been well studied in several eubacterial natural transformation systems. The very low frequency of transformation of H. injluenzae by linear plasmid DNA (one transformant per lo7 plasmid molecules; Stuy & Walter, 1986) appears to be a result of the requirement that homologous DNA sequences be present in the recipient cell and the transforming plasmid (Stuy & Walter, 1986) . This is certainly a consequence of the fact that plasmid DNA is converted to a single-stranded form during uptake Pifer & Smith, 1985) . A somewhat different phenomenon of homology-facilitated transformation has been documented in studies of the transformation of B. subtilis (Canosi et ul., 1981) and S. pneumoniae (Lopez et ul., 1982) by plasmid DNA containing homologous chromosomal DNA inserts. There is good evidence to support the hypothesis that in these transformation systems synapsis of the homologous region of the single-stranded plasmid DNA with the host chromosome was an obligate step in the survival of the transforming plasmid markers and the regeneration of circular duplex plasmid DNA (Canosi et al., 1981 ; Iglesias et al., 198 1 ; Lopez et  al., 1982) . Notably, homology-facilitated transformation of A . vinelandii was clearly unlike that in S. pneumoniue (Lopez et al., 1982) or B. subtilis Iglesias et al., 1981) because recombination of the donor homologous marker with the host chromosomal DNA did not facilitate the regeneration of the plasmid replicon. Therefore, it will be important to develop recombination-deficient mutants of A . vinelandii OP for future use in molecular cloning and genetic analysis.
Linear plasmid DNA was threefold more active in transformation than the CCC or OC conformations of plasmid DNA. In the case of the heterologous plasmid pKT210 this enhancement was dependent upon the cohesive termini of linear DNA which had been generated by restriction enzyme digestion. However, in the case of a heterologous plasmid carrying a homologous DNA insert (pAvH1-1), flush-ended linear DNA was as active in transformation, suggesting that flush-ended linear DNA is transported into A . vinelandii OP, but that the survival of the donor markers is dependent upon a mechanism for ligation or recombination. The fate of plasmid DNA, including plasmids containing internal duplications of heterologous or homologous DNA, during the transformation of strain OP is currently under investigation.
This study has established that there are several common requirements for plasmid and chromosomal transformation, some of which relate to the mechanism of DNA binding and uptake. It has also emphasized the fact that it will be necessary to better understand the mechanism of genetic transformation in A . uinelandii and the fate of plasmid DNA during uptake before all of the characteristics of plasmid transformation can be explained. The ultrastructure of competent cells was examined as an initial approach to delineating the mechanism of DNA uptake. Similar reports describing specific ultrastructural features of naturally competent bacteria have not appeared in the literature, probably owing to the difficulty associated with correlating the results of physiological studies with those obtained by microscopy. We have shown that there are alterations in the cell envelope, detectable by freezeetch electron microscopy, which appear concurrent with the development of the ability of cells to take up transforming DNA. Although these results are very tentative, it is hoped that they may provide a new and useful avenue of research towards understanding the elusive physiology of the state of competence for genetic transformation of A . cinefandii OP.
